Apart from one exception found in earlier investigations [5] , most studies that deal with changes in foot morphology during weightbearing described signifi cant changes in their measurements, such as foot contact area, foot length, foot and heel widths, height and angle of the arch [4, 17, 37] . In addition, most of the studies that have evaluated how the foot changes after exercise report that physical activity leads to an increase in foot volume [8, 24, 29] . McWhorter and colleagues [28] checked that high loading conditions led to greater increases in the foot volume compared to low loading conditions; on the other hand, static conditions produced a greater increase in foot volume that dynamic ones. Several studies have reported gender diff erences regarding the most important anatomical mea sures of the foot [14, 22, 23, 27, 42] ; they stated that men ' s feet are longer and wider in relation to their height than women ' s. In addition, others [20, 43] have shown that women ' s feet changed more with weightbearing because they are more fl exible. Poor fi tting footwear has been mentioned as the possible origin of the higher incidence of foot injuries in military women [33] . Therefore, men ' s and women ' s feet could diff erently respond to exercise.
Introduction ▼
Footwear is designed to protect the foot and facilitate its functions in daily activities [37] . To accomplish its role, footwear has to be adjusted to the foot in terms of lengths, widths, heights and circumferences [41] . However, the foot is a dynamic structure that changes its shape depending on the imposed load and physical activity performed [28, 29, 35] . Podiatrists, physiotherapists and shoe designers need to understand these changes to adapt the footwear to the user and the type of activity performed. This is especially important in situations of high mechanical loading of the foot, such as during sport and physical activity, for example, when carrying weights. A correct footwear fi tting has been associated with improved movement association between the foot and the shoe. This increased the movement effi ciency and comfort in military personnel, with even decreases in their injury rate [31] . Besides, badly fi tting shoes can lead to excessive foot pressures, and to impaired stability [3] . For example, workers with high foot pressures were at approximately 3 times the risk of presenting with ankle / foot disorders [39] .
We aimed to describe the changes in footprint characteristics after 2 types of resistance training sessions performed at diff erent intensities. 18 young subjects (8 men and 10 women) volunteered for the study. All of them performed 2 different resistance training sessions, one with light loads (LS) and the other with heavy loads (HS). Their footprint was recorded and analysed before and after exercise. Lengths, widths, and areas of the footprint (rearfoot, midfoot, and forefoot) were measured. Almost all the variables significantly increased after both sessions. The greatest changes were found in the midfoot (area, LS: 10.4 % ; HS: 8.1 % , P < 0.0005; width, LS: 7.5 % , P = 0.002, and HS: 8 % , P < 0.0005). However, there were no signifi cant diff erences between postexercise data from both sessions. The variable that showed the smallest changes was the foot length (LS: 0.3 % , P = 0.023; HS: − 0.4 % , P = 0.549). A resistance training session led to increases in most of the dimensions of the footprint, regardless of the magnitude of the loads handled. The greatest changes were found in the midfoot, indicating that the foot was fl atter after exercise, and the foot changed more in width than in length. The above-cited studies [5, 9, 37] on the dimensional changes of the foot in response to weightbearing provide limited information because most of them measured changes in the volume, foot length and width, whereas other dimensions were not described in detail such as the 3 contact areas of the foot (forefoot, midfoot and rearfoot) [43] . Furthermore, as far as we know, no studies have been performed to evaluate the transitory changes produced in the feet as a result of added weight. Therefore, the objective of this study was to describe the changes in the footprint after 2 types of resistance training sessions. An additional objective was to test whether there were diff erences between men and women responses. Our hypotheses were that exercise with loads would cause diff erent changes, depending on the intensity, and that these changes would be diff erent in men and women.
Methods

▼ Subjects
18 young active subjects volunteered for the study (10 women and 8 men), all of them students of sports sciences, with age ranging between 19 and 22 years. Their physical characteristics are described in • ▶ Table 1 . 5 of the subjects had cavus feet (arch index ≤ 0.21), 10 normal feet (arch index = 0.21 -0.26) and 3 fl at feet (arch index ≥ 0.26) [7] . The arch index (AI) is the ratio of the midfoot area to the area of the entire foot excluding the toes [7] . All the volunteers signed written informed consent to confi rm their participation in the study. The participants who had any of the following conditions were excluded: recent lower limb injuries, any impingement in their feet that could be aggravated by exercise, skin infections, or any other physical reason given by a physician. The study was approved by the local Institutional Review Board, and carried out in accordance with the ethical standards of the International Journal of Sports Medicine [16] .
Instrumentation
All subjects were weighed on a standing scale SECA (SECA Ltd., Germany) and their standing height was measured with a stadiometer (SECA Ltd., Germany). The measurements obtained from the footprint were taken according to the protocol described in Meana et al. [30] . The footprint ( • ▶ Fig. 2a ) was registered during bipedal stance by applying photograph developer on the foot sole with a paintbrush. Subsequently, the subjects had to place their foot on photo paper placed on the ground, and fi nally, the paper was immersed in a fi xer solution.
Procedure Overview
Each participant performed 2 diff erent resistance training sessions in a fi tness room in the morning and at the same time, with a week between the 2 sessions, using the same footwear: a training session with light loads, adjusted to the subject ' s body weight (maximum to 0.35 times the body weight in men and 0.25 in women) and a training session with heavy loads adjusted to the subject ' s body weight (maximum 0.50 times the body weight in men and 0.40 in women). The footwear worn by the subjects were sports shoes that they usually wore during their sports activities, which can be classifi ed as " cross training " [19] . After the footprint record of the dominant foot pre-exercise, the session began with a 5 min warm-up cycling at 60 -70 W and it ended with the post-exercise footprint recorded from the same foot ( • ▶ Fig. 3 ). This second record of the footprint was made within the fi rst minute after fi nishing the last exercise. The testing sessions followed the structure described in • ▶ Fig. 1 .
Pre-exercise and post-exercise measures
Before pre-exercise measurements, the participants had to take their shoes off and lay down on a mat for 10 min, time enough for the foot dimensions to return to basal values [29] . The pre and post-exercise measures were only taken from the dominant foot. The variables studied were: ▶ Contact area of the forefoot, midfoot and rearfoot, excluding toes ( • ▶ Fig. 2b ). Each area was measured by dividing the length of the foot (excluding toes) into equal thirds [7] . The footprint records were analysed with a custom-made software (AreaCalc v2.6) [12] , which applied the protocol of Cavanagh and Rodgers [7] to analyze the footprints. 
Sessions
The sessions were performed as circuit training. The exercises were performed following the guidelines of Delavier [10] . The subjects performed a typical circuit training session because it is a type of workout widely utilized [13] , and allowed the untrained volunteers to complete the whole session safely using the proper technique. These exercises were chosen because they are also widely utilized in resistance training and involve diff erent muscle groups and in all of them the load direction was vertical. The participants performed the circuit 3 times, 12 repetitions of each exercise, with a 30 s rest between each one, and a 2 min rest between each circuit. The total training time was about 30 min in both sessions. Taking these data as reference, the loads and exercises of each session are described in • ▶ Table 2 . Training loads were taken from the study of Vrijens [38] , where the intensity of a resistance exercise can be determined as the product of a subject ' s body weight and a coeffi cient. We slightly modifi ed these loads with the data of a pilot study with 8 subjects from the same population of this study. They were adjusted in a way that the participants were able to complete the number of repetitions proposed by Vrijens in each exercise. In the exercises which were not included in Vrijens ' study, we applied the same criteria of loads and repetitions, that is, loading of 12 repetitions that produced local muscular fatigue in the heavy session and 60 -70 % of the load from the heavy session to the light one. Loading schemes similar to those of Vrijens (number of sets and repetitions) have been already proposed for resistance training for the untrained population [11, 32] . For example, the study of Harber and colleagues [15] utilized loads of 40 -60 % of one repetition maximum in shoulder press, biceps curls and elbow extensions that were quite close to the ones utilized in the Heavy session of the present study when they were expressed as a percentage of their subjects ' body weight. Loads of the Light session were chosen in order to test the eff ect of lower loading on the footprint record.
Statistical analysis
The data were analysed with the SPSS Software for Windows v17 (SPSS Inc. USA), with a level of signifi cance of P < 0.05. From the Shapiro-Wilks test, we found all the variables normally distributed. Paired t-tests were utilized to look for diff erences between pre-and post-exercise measurements. As control situation, the comparison between the light and heavy pre-exercise sessions was used. These situations were compared using paired t-tests. The intraclass correlation coeffi cients (ICC) and coeffi cient of variation (CV) of each variable were computed from them. We found the Pearson ' s correlation coeffi cients between the total loads handled in each session and the percentage changes of each variable from pre-to post-exercise measurements in both sessions, between the anthropometric measures (weight, height and BMI) and percentage changes, and between the arch index and the percentage changes. A three-way ANOVA was utilized (sex × time of measurement × session) to analyse sex diff erences in the response of the footprint to exercise. When a major eff ect or interaction was found, a post hoc analysis was made using the Scheff e test.
Results
▼
The ICCs found when comparing pre-exercise measures of the light and heavy sessions (control situation) are presented in • ▶ ■ Proof copy for correction only. All forms of publication, duplication or distribution prohibited under copyright law. ■ When comparing the measurements before and after exercise, signifi cant diff erences were found in both situations and in all the measures, except in the forefoot width of the light session and foot length with toes of the heavy session ( • ▶ Table 4 and • ▶ Fig. 3 ). When comparing post-exercise values between the light and heavy session t-tests showed no signifi cant diff erences. The percentage changes were similar in both situations in all dimensions of the footprint ( • ▶ Fig. 3 ). Midfoot area was the parameter with the greatest increases in both training sessions (10.4 % and 8.1 % , P < 0.0005, light and heavy, respectively). In addition, there were signifi cant increases in all the areas and widths measured, except in the forefoot width in the light session (0.6 % , P = 0.083) and the foot length with toes in the heavy session ( − 0.4 % , P = 0.549).
No signifi cant correlations were found between percent changes in the measures and total load handled by the participants in each session. There were signifi cant correlations between standing height and percent changes of the midfoot width in the light session and foot length with toes in heavy session ( r = 0.48, P = 0.045 and r = 0.61, P = 0.007, respectively), between body weight and foot length with toes in the heavy session ( r = 0.57, P = 0.013) and between BMI and foot length with toes in the light session ( r = 0.49, P = 0.040). Also, signifi cant correlations were found between foot type, classifi ed by the AI, and percent changes in the midfoot area ( r = − 0.50, P = 0.036) and between AI value and its own changes ( r = − 0.62, P = 0.006), indicating that subjects with a fl atter foot tended to change relatively less at their midfoot.
In the comparison between men and women, signifi cant diff erences were found in all foot dimensions except in the AI, midfoot width and rearfoot width, both before and after each training session with loads ( • ▶ Table 5 ). However, when comparing percent changes in men and women, no signifi cant diff erences were found in any of the variables analysed, with the numbers available. Besides, there were no interactions in the three-way ANOVA; that is, men and women showed similar changes in their footprint between the pre-and post-exercise situations in both training sessions.
Discussion ▼
The results of the present study demonstrate that most of the dimensions of the footprint changed after performing a resistance training session. The midfoot area was the variable most prone to change after a period of weightbearing, making the foot fl atter, which is very probably associated with the natural tendency of the foot to become deformed and increase the contact area in this part. There were no signifi cant diff erences between post-exercise data from both sessions, showing that the foot print changed similarly regardless of imposed load. This was confi rmed by the absence of signifi cant correlations between the percentage changes in each measure and the absolute load handled by the participants during the 2 sessions. Nonetheless, the correlations found between AI, and the percent changes in this measure and midfoot area (r = − 0.62, P = 0.006; r = − 0.50, P = 0.036) indicate that subjects with a more cavus foot (lower arch index) tended to change more at the support area of the midfoot. Physical activity like running or walking produces increases in the foot volume [6, 18, 22, 23] . The parameters measured in the present study also suggest this, although we cannot draw direct comparisons because we only measured contact areas instead of the whole foot volume. The changes found in the variables of the footprint could be produced because of changes in the foot temperature, which also lead to modifi cations in the mechanical behaviour of the diff erent tissues of the foot [7] . Some authors have also attributed the changes in foot size to exercise resulting in the increase blood fl ow in the muscle [2, 18, 26, 29] and an increase in transcapillary fi ltration of intravascular fl uid [18, 36] . However, the activity performed did not include impacts such as those that occur during running, which may exceed 3 times the body weight [6] ; although it is speculative we think that in our subjects the changes in the mechanical behaviour of muscles and tendons were more important than the modifi cations in the vascular status of the foot [25] . It is possible that the relative importance of these mechanisms changes in dynamic situations such as running [8, 29] . Table 5 ). However, there were no diff erences in the percent changes of either of the 2 sessions or in the interactions in the factorial ANOVA, confi rming that men and women showed similar changes in their foot morphology regardless of the load utilized. As far as we know, only McWhorter [29] has examined changes between men and women after physical exercise. They found that women ' s feet were more sensitive to changes produced by low intensity exercise (12 min of walking), but both men and women underwent signifi cant changes after 12 min of running. Accordingly, it seems that our activity exceeded the threshold of intensity at which men and women show the same changes.
The results of the present investigation help to understand how and how much the foot changes after supporting loads greater than body weight. These results can be applied in the design and adaptation of footwear for sport and work environments in which supporting and carrying weight is an issue. The footwear designed for these purposes must adapt more in the transverse axis than in the longitudinal one, and this should be applied to men ' s and women ' s footwear. The shoes for individuals with cavus feet should be adapted specifi cally in the midfoot area. The fi tting around the width dimensions has already been described as an issue during shoe design and development [40] , because most shoe sizing systems are based on the longitudinal measures. In fact, the use of fl exible materials and inserts has been proposed as a method to improve the perception of fi t [40] and enhance the foot-shoe interaction [31] . A good fi t will not only enhance shoe comfort but also has clinical implications, like decreases in the problems related to overuse and fatigue [1, 21, 31] . Furthermore, this knowledge of the parts that change in the area of support of the foot provides tools for podiatrists and physical therapists to design orthotics that can be adapted to the changes produced by exercise. As a limitation of our study, we can point out that the measures discussed here have not been taken directly from the foot, but from the registration of the footprint, thus the methodology utilized could not record changes in volume or size of the foot occurring outside the surface support, such as heights.
Conclusion ▼
To sum up, a training session with loads led to changes in most of the dimensions of the footprint, regardless of the magnitude of the loads handled. The greater changes were found in the midfoot, with signifi cant increases in width and area, indicating that the foot was going to be fl atter after exercise, and the foot changed more in width than in length. The knowledge gained about the transitory changes produced by weightbearing can help shoe designers to reduce the fi tting problems during footwear development and manufacturing and therefore enhance shoe function and comfort. 
